Scholars' Mine
Masters Theses

Student Theses and Dissertations

Spring 1987

A gravity and magnetic study of the Crooked Creek
cryptoexplosion structure, Crawford County, Missouri
Charles Edward Woodbury

Follow this and additional works at: https://scholarsmine.mst.edu/masters_theses
Part of the Geology Commons, and the Geophysics and Seismology Commons

Department:
Recommended Citation
Woodbury, Charles Edward, "A gravity and magnetic study of the Crooked Creek cryptoexplosion structure,
Crawford County, Missouri" (1987). Masters Theses. 4307.
https://scholarsmine.mst.edu/masters_theses/4307

This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.

A GRAVITY AND MAGNETIC STUDY OF THE CROOKED CREEK
CRYPTOEXPLOSION STRUCTURE, CRAWFORD COUNTY, MISSOURI

BY

CHARLES EDWARD WOODBURY, 1961-

A THESIS

Presented to the Faculty of the Graduate School of the

UNIVERSITY OF MISSOURI-ROLL A

In Partial Fulfillment of the Requirements for the Degree

MASTER OF SCIENCE IN GEOLOGY/GEOPHYSICS

1987

Approved by

ii
ABSTRACT

The pre-Pennsylvanian structure at Crooked Creek consists of a complex, vertically
faulted ring of Cambrian and Ordovician sediments with a central uplifted core. The center
of the structure is strongly deformed and contains shatter cones, brecciation, and other
signs of extreme shock.
A magnetic low over the center of the structure suggests that igneous material was not
involved in the formation of the structure, and this is corroborated by core analysis.
Gravity data indicates several small gravity lows, possibly associated with areas of
brecciation, circling the flanks of the structure. As in the magnetic data, there is no
indication that the feature extends to depth.
The lack of a corresponding magnetic anomaly rules out a volcanic origin for the
structure. The limited erosion of the area, the statistical orientation of the shatter cones, and
the lack of deformation at depth, point to an explosive source near the original surface of
the region. The only known way for a shock intensive explosion to occur near the surface
without involving basement material is from the impact of a meteorite or comet.
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I. INTRODUCTION AND PURPOSE
The Crooked Creek cryptoexplosive structure is located in southeast Missouri about
seven miles south of Steelville. The area lies entirely within the Steelville 15' Quadrangle
(Indian Springs, Cherryville, Steelville, and Cook Station 7.5' Quadrangles) and is
centered at 37°50'15" and 91°24'15" in Section 17, Township 36 North, Range 4 West. It
is a nearly circular structure, approximately 5.3 km in diameter, bounded by high angle
faults. Structurally, it is a complex ring o f Cambrian and Ordovician sediments with a
central uplifted core that exposes the upper Bonneterre Formation at the surface, a vertical
displacement of over 300 m. The central part of the structure has a diameter o f 1.5 km and
contains highly deformed and brecciated sedimentary rocks.
The unusual deformation and circular nature of the geologic formations present in the
area are the only the rem nants of the original crater. The event causing the structure
probably occurred during late Ordovician - early Pennsylvanian time. Strewn across the
central portion of the structure are remnant boulders o f Pennsylvanian lacustrine sandstone
formed as lacustrine filled sink or basin deposits. This sandstone is undisturbed, indicating
sedimentary infill of a crater basin or similar structure. An estimated 50 to 60 m of erosion
has occurred in this part of Missouri since the early Pennsylvanian (Offield and Pohn,
1979).
Two hypotheses have been advanced for the formation of the Crooked Creek
structure:
1) The feature was o f exogenetic origin, i.e. formed by the impact of a large meteorite
or comet.
2) The feature was o f endogenetic origin, i.e. formed by a fault controlled volcanic or
gaseous explosion and the subsequent collapse of the overlying rock strata or by a
series of plastic and non-plastic folding and faulting occurring as an interference
pattern at the intersection of two major fault zones (Amstutz, 1970).
If the structure was a product of some deep seated volcanic explosion it should be
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associated with silicic magma, hydrothermal leaching, and local volcanic activity. If the
structure form ed as a fault interference pattern, it would have to be located at the
intersection of major fault systems and exhibit evidence of fault control. For the structure
to be proven as a meteorite impact, it must exhibit shock metamorphism and be unrelated to
any volcanism or volcanic material. Because there was a lack of conclusive evidence
supporting either of the theories, the origin of the structure at Crooked Creek has been a
subject of controversy.
Isolated geologic structures commonly have characteristics which can be measured by
geophysical methods. A gravity and magnetic survey was conducted in the Crooked Creek
area between March, 1985 and March, 1986. The survey area covered 100 square km,
centering on the structure, and 350 magnetic stations and 144 gravity stations were
obtained. The boundaries of the survey area are 91° 27' 35" to 91° 21' 40" and 37° 47' 33"
to 37° 52' 45". In Universal Transverse Mercator Zone 15, the coordinates of the area of
interest extend from Northing 4,184,000 m to 4,194,000 m and Easting 636,000 m to
646,000 m. The survey was conducted with the following objectives:
1. ) The identification of any anomalous gravity or magnetic fields associated with the
Crooked Creek structure.
2. ) To determine the relationship between the structure and the surrounding country
rock.
3. ) To investigate the origin of the structure.
The physical basis for the interpretation rests on the following assumptions:
1. ) The presence of an igneous intrusion or uplifted and disturbed basement material
should be evident in both the gravity and a magnetic field since igneous rock has a
much higher m agnetic perm eability, and probably a higher density than the
surrounding sedimentary material. This would indicate a deep seated explosion.
2. )

A depressed and/or brecciated basement would decrease both m agnetic

susceptibility and density which should be indicated by an anomalous low in both the
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gravitational and the magnetic fields, suggesting an explosion from above.
3.) The absence o f any anomalies in the gravitational or magnetic fields would
indicate the lack o f basem ent involvem ent in the form ation of the structure,
suggesting an explosion from above by a relatively low density extraterrestrial body.
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II. CRYPTOEXPLOSION STRUCTURES
The process of identifying crater-like structures on the earth's surface is a very
difficult task. The erosional processes occurring over geologic time obliterate most of the
surficial evidence of the crater. The mechanism of formation is thus almost impossible to
determine. These unusual circular structures occur world-wide and tend to have a specific
structural signature. As described by Bucher (1933, p. 1056), these structures are:
"...characterized by a nearly circular outline; a central uplift with intense
structural derangement; and a marginal ring shaped depression with
irregular and local faulting. Evidence of explosive action is seen in the
intensely disordered structure and local brecciation of the central, uplifted
portion; the presence of the peculiar fracture patterns, the 'shatter-cones';
and the presence and character of folding in the marginal zone."
As a result of studies, such structures came to be regarded as cryptovolcanic in origin;
however, many of the structures show no evidence of volcanic activity. The common
denominator in all the structures is simply the occurrence of some kind of explosive
cratering process.

During the 1940's and 50's, an increasing number of crater like

structures were shown to lack associated volcanic material and were thought to be unrelated
to regional volcanism.
Dietz (1947), recommended that these unusual structures be described by the broad
term 'Cryptoexplosive Structures', because the formation o f such cryptovolcanic structures
may not have been of a volcanic nature. The dawn of the space age in the early 1960's
enhanced interest in the moon and meteoritic crater formation. Shatter cones and high
density polymorphs o f quartz were found to be indicators of extreme pressures, and
characteristic of impact structures. The study of terrestrial circular structures with the
emphasis on possible extraterrestrial origins became an integral part of the lunar program.
Shoemaker and Eggleton (1961) classified all unusual structures having the
physiographic form of a crater including Crooked Creek. Table 1 describes their class
system as modified by McCall (1979). The structures in Class I have been firmly
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TABLE

1

GENERAL CLASSIFICATION OF IM PACT-EXPLOSION STRUCTURES
C lassification

Explanation

Class 1

Craters proved to have been formed by impact
fragmentation or impact explosion. The method of
formation was proven by actual observation of the
impact or the discovery of meteoritic material

Class 11

The crater shows shock characteristics but there was
no observable impact and no associated meteoritic
material. As a broad class, this includes most of the
assumed impact-explosion craters.

Class 111

Craters in this class show the characteristic
physiographic form and structure of meteoritic
craters but exhibit no shock metamorphism, bolide
association or any meteoritic material.
These structures do not display an immediately
recognizable form of a meteorite crater. They are
usually deeply eroded or buried, or else the structure
is considerably complex. Most of these structures are
of considerable geologic age and have been infilled and
eroded. The younger structures that are included
show enormous geologic complexity. Since this is the
mnfrt (wnmnn class, there arc several subclasses:

Class IV
IVa/1: Simple structures.
lVa/2: Complex structure with central uplift
IVa/3: Complex structure with central uplift and
enclosing ring depression.
IVa/4: Complex structures containing only a
central depression.
IVa/5: Complex and highly irregular structures.
IVb: Highly complex but rckdvly young.

Class V

These structures need more study because there is
too little evidence available to draw any conclusions
on the origin of the structure.

Class VI

These structures have been falsely attributed to the
impact of a meteorite.

(McCall, 1979).
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established as meteoritic in origin. The status of Classes II and HI depends on the weight
of the evidence supporting the cause of formation. Class IV and V structures are more
difficult to determine with certainty because o f the extensive erosion and lack o f geologic
evidence. Because Class IV structures are the most common, they were broken down into
subclasses based upon the complexity o f the disturbance. Class IVa structures exhibit
some form of shock m etamorphism and brecciation while Class IVb structures do not.
Whether extraterrestrial or volcanic, the exact origins of most of the structures in Classes II
thru V have never been proven conclusively.
In the central portion o f the United States, there are a number of Class IVa circular,
geologic disturbances (see Table 2). Along a line that begins in Illinois, crosses through
south central Missouri, and ends in Kansas, there are eight structures indicating highly
explosive activity (see Figure 1). Crooked Creek and Decaturville have been classified
IVa/3 (Shoemaker and Eggleton, 1961), the other six structures either remain unclassified
or have been attributed to simple vents. Though their ages are different, Crooked Creek
and Decaturville are similar to each other, i.e., both are fairly large, essentially polygonal in
shape, bounded by high angle faults, and containing uplifted, generally deformed, and
highly brecciated older rocks. Shatter cones occur in the central part of both structures and
are orientated upwards.
In general, cryptoexplosive geologic structures are circular, disordered features that
may contain a central uplift consisting of rocks carried above their original positions. They
usually contain shatter cones and exhibit large scale brecciation. Corresponding to the
central uplift, there is often a downward displacement of a ring-shaped belt of rock which
is concentric with the central uplift. Occasionally there is more than one concentric belt of
rock, rarely, there is the development of a wave-like displacement in the one or two rings
surrounding the first rim syncline. This wave-like folding of the rocks is apparent at both
Crooked Creek and Decaturville.
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TABLE 2
CLASS IVa STRUCTURES IN THE CENTRAL UNITED STATES *
Name

&

State (Class)

• D e i P lain es, IL (lV a^2)

Diam.

Age

> 1 .6 km

•G lasfo rd , IL (TVa/2)

4 km

H ick s D om e, IL (-)

16 km

P o s t P e n n sy lv a n ia n
L ate O rdovician
P o st-P e n n sy lv a n m a n

•K e m la n d , IN (TVa/2)

S km

P o tt-M id d le O rdovician

•M & naon. LA (IV a/3)

3 2 km

P o st-E a rly C retaceous

R ose D o m e, K A (-)

3 km

P o st-P e n n sy lv a n ia n

•J e p th a K nob, K A (IV a/3 )

3 .2 km

E arly -M id d le S ilurian

•M id d le sb o ro , K A (IV a/3 )

6 .4 km

P o st-P e n n sy lv a n ia n

•V e rs a ille s, K A (IV a/3 )

1.6 km

L ate O rdovician

• K ilm ic b e a l D om e, M S (IV b )
•A von D iatrem es, M O (-)

8 km
17 km

P o st-E o c en e and p re-P liocene
P o st-D e v o n ian an d p re-M ississip p ia n

• C ro o k e d C reek. M O (IV a/3 )

5.3 km

E arly O rd o v ic ia n to P en n sy lv an ian

•D e c a tu rv ille , M O (IV a /3 )

5.5 km

P o s t-S ilu ria n

•F urnace C reek, M O (-)

2.4 km

E arly C a m b rian

•H azel G re en C reek, M O (-)
W e au b lea u , M O (-)
•S e rp e n t M o u n d , O H (IV a/3 )
• D y c u t, T N (7)
• F ly n n C ree k , T N (IV a /3 )
• H o w e ll. T N (IV a/2?)
•W e lls C ree k , T N (IV a /3 )
• S i m a M adera. T X (IV a/3 )
• W ill b ark e r D om e, TX

7 E arly C a m b rian
5 km
6 .3 km
7
3 km
2 .4 km
9 -13 km
13 km
3 km

P o st-M iasissip p ian an d p re-P e n n sy lv a n ian
P o st-e a rly M ississip o ian
7
P o st-O rd o v ic ian a n d pro- M ississip p ian
O rdovician
P o st-M isa ia iip p ta n
P o st-E a rly O rdovician
P o tt-P e rm ia n

* These structures have been attributed to impact
• Structures that appear to be simple volcanic vents.
(McCall, 1979, p. 271)
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96° V

94° V

92° V

90° V

88° V

40°N

38°N

36° N

* C e n te r of C ry p to ex p lo sio n S t r u c t u r e
F a u lt
1. Rose D om e (-)
2. W e a u b le a u (-)
3. D e c a tu rv ille (*)
4. Hazel G re en C reek

(**)

5.
6.
7.
6.

' 120 K m '
C rooked C reek (*)
F u rn a c e C reek (**)
A von D ia tre m e s (**)
Hicks D om e (-)

(*) S t r u c t u r e s th o u g h t to be im p a c t in origin.
(-) T h ese s t r u c t u r e s a r e th o u g h t to b e d ia tre m e s .
(**) S t r u c t u r e s a p p e a r to be sim p le v e n ts .
Fig. 1. G en e ralized m a p sh o w in g th e lo c a tio n of C rooked C reek
a n d th e d is trib u tio n of c ry p to e x p lo sio n s t r u c t u r e s along th e
Illin o is-M isso u ri-K an sas axis.
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The intense deformation associated within these ring-like structures can only be
explained by some kind o f explosive force. The occurrence of a deep seated volcanic/gas
explosion has often been advanced as the cause, but many of these structures lack the
associated magmatic or hydrothermal activity that would be expected with a deep seated
explosion. Obvious cryptovolcanic structures generally are associated with magmatic
activity and many cryptoexplosive structures exhibit glassy lava and glassy breccia of both
the potassic and the alkaline type.

According to M cCall (1979, p. 5), these highly

disturbed circular structures are all linked by several common factors:
"Their form ation certainly involved intense and virtually instantaneous
explosive events related to central-point foci, and situated, in most cases, at no
great depth in the crust. That they are of extraterrestrial origin is, however, by
no means established with certainty."
The strongest case for extraterrestrial origin is the presence o f large scale shock
metamorphism which can only be attributed to the passage of high pressure shock waves.
The only known way to produce such shock waves is by the hypervelocity impact of a
meteorite (Guy-Bray and Peredery, 1971).
The four main ideas that have been advanced against the volcanic origin for many
cryptoexplosion structures are:
1. ) The lack of evidence for volcanic material or feeders to magmatic bodies at depth.
2. ) The limit of deformation as depth increases.
3. ) The isolation from other magmatic rocks or sites of volcanism.
4. ) The absence o f a magnetic anomaly which normally would be associated with
magmatic material.
Proponents of the cryptovolcanic theory argue that highly mobile effusions rarely display
feeders connecting them with their source deep in the crust (such feeders would probably
be very narrow) and that both impact and volcanics will produce shock effects that wane in
depth below the explosion focus. They contend that magmatic explosions can occur near
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the surface due to the release of a gas phase at a critical pressure drop threshold as the
magma approaches the surface. The point of foci of such an explosion would be shallow
and the resultant pattern of deformation would be similar to that of an impact. Though
cryptoexplosion sites are usually isolated from volcanic regions, location in itself is not a
conclusive argument for impact origin.
To simulate an im pact, a volcanic or any other terrestrial process as yet described,
must be capable o f (French, 1968, p. 9):
1. ) generating pressures greater than 1 x 1 0 ^ Pa near the surface of the earth;
2. ) containing the pressures over a suitable area until it is released suddenly as a
shock wave;
3. ) operating in confined spaces at shallow depth;
4. ) a release of total energy on the order o f 1x10^2 Pa;
5. ) a maximum temperature o f around 1500° C or less;
6. ) rapid cooling of the host material;
7. ) producing these effects with only sparse development of magma.
Sometime in the earth's distant past, it m ight have been possible for certain types of
volcanic activity to produce these effects.

Currently, however, no natural terrestrial

process known could produce the immense pressure and heat needed to account for the
unusual features of many explosion structures.

in. MECHANICS OF CRATER FORMATION
A. Impact Structures
Most meteoroids (and comets) have a parabolic, or near parabolic orbit. At the earth's
mean distance from the sun, the maximum velocity for a parabolic orbit (the velocity of
escape from the solar system) is about 42 km/s. With respect to the earth, the velocity of a
particle in a parabolic orbit is a vector sum of its velocity (42 km/s) and the earth's orbital
velocity (30 km/s). If a meteoroid overtakes the earth (see Figure 2), it approaches the
earth's surface at a maximum velocity o f 12 km/s (42 minus 30).

If the meteoroid

approaches the earth head on, it can strike at a velocity o f up to 72 km/s (42 plus 30)
(Abell, 1982, p. 379).
Upon impact, for solid meteorites, there are three stages in the development of the
crater, the compressive stage, the excavation stage, and the modification stage.
The compressive stage begins upon contact of the meteorite with ground zero. The
enormous kinetic energy developed by the meteorite is transferred into the target material
producing two different shock fronts, one traveling upward in the meteor and one traveling
downward in the target (see Figure 3). Initially, shock compressed material is confined to
a small lens shaped mass directly below the point of impact. According to Short (1975),
as the meteor penetrates deeper into the target material an intense, high-velocity shock wave
(a pressure wave moving at supersonic velocities) spreads out from the impact point or
"ground zero" and engulves an increasingly larger volume of rock. These waves subject
the rock to extreme compression with pressures within the rock rising to 1x10*2 Pa or
more. On earth, pressures of this sort can only be found several hundred kilometers
beneath the earth's surface. With both terrestrial and impact related explosions, the
pressure spreads out radially from the point of energy release and the energy decreases with
distance from this main point. Because a free surface cannot sustain a state of stress, the
presence of a free surface drastically alters the shock waves at the earth's surface.
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P a r a b o lic o r b ita l v e lo c it y
of a m e t e o r o id is 42 k m / s
H ead o n

O v e r ta k in g

E a r th 's
R o ta tio n
E a r th 's o r b ita l v e lo c it y
is 30 k m / s

Fig. 2: D iagram show ing th e re la tio n sh ip b e tw e e n th e im p a c t
velocity of a m e te o rite an d a n d its ap p ro ach to th e E arth .

13

Initial C ontact

J e ttin g
Ui

i

T erm inal Engu lfm e n t

Ui

Im p ac t V elocity of M eteo rite
Shock F ro n t
M eteor
Zone of R a re fra c tio n
Shock Zone,

Highly Com pressed M a te ria l

T arget M a te ria l

Fig. 3. D iagram of th e com pressive stage in th e fo rm a tio n of
a m e te o rite im p a c t c r a te r (modified fro m G ault et al, 1966,
p. 66).
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Short (1975) explained that the key mechanism in cratering was dependent on the
interaction between P-waves and the free surface. Rarefraction, a tensional wave which
fractures the rock as it advances, develops behind the shock wave as it travels outward
along the surface of the target and upward along the outer surface of the meteorite.
Rarefraction decompresses the high pressure state in the material behind the passing shock
wave and leads to the onset of jetting, the hydrodynamic ejection of mass at very high
velocities toward the free surface. Jetting occurs along the interface between the
compressed target material and the meteorite. The material involved in jetting has been
subjected to the highest pressures and temperatures of any of the material ejected by the
meteor and is primarily made up of superheated vapor. Jetting initiates the ejection of mass
from the crater, but the bulk of the material is removed during excavation. According to
Gault et al. (1968), the terminal phase for this process is reached when the shock waves
within the meteorite are reflected from the free surface on the backside of the meteor.
Excavation begins during the gradual relaxation from the high stresses produced
during the initial contact, after the meteorite is consumed by shock waves (see Figure 4).
Following the terminal phase of the first stage, a hemispherical shell of high compression
expands radially outward distributing its kinetic energy through an increasingly larger mass
of material. Because the system is conservative, the energy density within the shocked
material decreases as the shock front expands. The effect of this advancing wavefront is to
convert the rock, for an instant, into a fluid-like material or slurry, which moves both
downward and laterally in a steady flow. As solid rock fragments are put into motion,
blocks and particles are ejected from the crater. The crater enlarges very rapidly and usually
attains its final shape while ejecta is still in the air. Throughout its entire growth, the shape
of the enlarging crater maintains the same basin like geometry. The cratering process ceases
when pressures within the rock decay below critical levels (3.5x10^ Pa) and the advancing
shock wave spreads out and decays to an elastic wave (Short, 1975).
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Blocks, P articles
and O th e r Ejecta

Fig. 4. D iag ram of th e E x cav atio n S tage d uring th e fo rm a tio n
of a m e te o rite im p a c t c r a te r . 'Us' is th e th e v elo city of in w a r d
flow ing ta r g e t m a te ria l set into m o tio n by ra re fra c tio n w a v e s
relieving th e h ig h ly co m pressed s ta te following th e shock fro n t.
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Post cratering modification depends upon several processes (see Figure 5). After
formation of the crater, there is usually some kind of slumping of the peripheral rim into the
impact basin. Isostatic adjustments within the crater basin may cause the development of a
central uplift or dome like the one present at Crooked Creek. Both slumping and isostatic
adjustments lead to a partial filling of the basin. Later, erosion of the crater rims and infill
from other sources could further alter the structures appearance (Gault et al., 1968).

B. Explosive Cratering and Diatremes
Crater development for an event caused by an impact differs from the type of crater
expected from a deep seated explosion such as a diatreme or hydromagmatic eruption.
Though there are similarities between the two types of cratering, the shock wave geometry,
the process causing ejection, and the resultant crater are very different.
An explosive cratering event (see Figure 6) generally begins as a point source of
energy followed by a spherical compressive shock wave. This is usually initiated by a
critical pressure drop as gasses approach the surface.

In the case of diatremes and

hydromagmatic explosions, magma rises rapidly through fissures in the rock. When this
molten material interacts with ground water, high pressure steam migrates upward and
explodes as it nears the surface.
Following an initial explosion, a shock wave expands outward until it is reflected
from the free surface at ground zero. When this occurs, the shock wave imparts vertical
motion to the near surface layers. A central cavity containing the high pressure gaseous by
products of the explosion is formed and tears through the domed surficial material, venting
to the surface. Venting causes the aerodynamic ejection of material and the subsequent
formation of the crater. With a steam explosion, magmatic material is intermixed with the
host rock and hydrothermal leeching is commonly apparent within the rock.
The modifications of the crater following the explosion are very similar to those
occurring in impact craters; i.e. rim slumping, sedimentary infill, and isostatic readjust-
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Fig. 5. P o s t-c ra te rin g m o d ificatio n of an im p a c t s t r u c t u r e
D ashed line re p re s e n ts zone of im p a c t d e fo rm a tio n (m odified
fro m G ault e t al, 1966, p. 95)

I n itia l E x p lo s io n
a n d C o m p r e s s io n

16
C en ter of
Explosion
High P r e s s u r e
C a v ity

:j: Host M a t e r ia l

Zone of Shock
a n d D efo rm atio n
Shock Reflection
ijijjlji a n d Zone of
R a re fra c tio n
C r a t e r In fill
M a t e r ia l
Shocked a n d
D eform ed
M a t e r ia l

Fig. 6: D iagram of th e step s occuring in th e fo rm a tio n
of a c r a t e r by a deep se a te d explosion.
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ments (Gault et al., 1968). Diatremes, if very small, could be very difficult to locate within
a eroded structure; however, their presence would suggest the involvement of igneous
material in the structure's formation. If a steam explosion or hydromagmatic eruption
occurred, hydrothermal leeching should also be apparent within the host material. In the
case of a volcanic explosion, brecciated igneous material should be found intermixed with
brecciated host material and again, hydrothermal leeching should also be apparent.
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IV. RECOGNITION OF IMPACT STRUCTURES
The determination of the origin o f cryptoexplosion structures lacking associated
volcanic material lies with the identification of features associated with impact. A structure
showing none of the characteristics attributed to impact obviously must be endogenetic and
will probably be associated with igneous material. This paper will discuss only those
features that can be attributed to impact.
Fresh impact craters are relatively easy to recognize, but in cases where the structure
is deeply eroded, or located near volcanic features, identification may be difficult. Short,
(1975), uses the following criteria as identifiers for impact related structures:
1) the presence of associated meteorite material in the structure;
2) the area of primary deformation dies out abruptly just beyond the zone of the
crater rim;
3) the types of deformation occurring within the fractured zone of the disturbance
itself; including shatter cones, large scale brecciation, high temperature and pressure
polymorphs of quartz, and the lack of volcanic or hydrothermal material.
According to Dietz (1960), m eteoritic material has not been found in ancient rocks.
Laboratory experiments indicate that the enormous amount of kinetic energy created during
a hypervelocity meteorite impact either vaporizes most of the m eteorite or blows the
material back into the atmosphere. Any fragments remaining after impact are rapidly
weathered. Because of this, finding associated meteoritic material within a cryptoexplosion
structure is very rare and generally lim ited to young, low velocity impacts.

The

confinement of deformation within a clearly defined circular area differs from the normal
features of many circular disturbances and seems to be characteristic o f all impact features.
Within the area of deformation, sedimentary rocks are usually folded and faulted, and this
deformation can be a good indicator o f the depth at which the explosive energy was
released. The best indicators of meteoritic impact come from the shock effects within the
rock itself. These include the presence of shatter cones, the presence of high pressure
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polymorphs of quartz (such as coesite), and the presence of all types of breccias.

A. Shatter Cones
Shatter cones were first reported, at Crooked Creek, by Hendriks (1954) and were
subsequently described by both Fox (1954) and Kiilsgaard et al. (1962). Shatter cones can
be described as conical fracture surfaces which fan outward in a striated cup and cone-like
structure. Their known occurrence is usually restricted to the central portions of the
disturbance and specifically, to the central uplift. Small parasitic half-cones will sometimes
develop around the main cone which typically has apical angles from 75° to nearly 90° (see
Figure 7).

Cones develop best in fine-grained, fairly homogeneous carbonate rock,

especially dolomite, which makes up most of the structure at Crooked Creek. They have
also been found in sandstone, quartzite, chert, shale, basalt and granite at other impact
sites.
The size of the cone can vary from as small as 1 cm to as large as 12 m and seems to
depend upon the thickness of the bed which usually yields as a single unit. Bucher (1963,
p. 631) describes shatter cones as:
"...conical fracture surfaces produced under a system of stresses so disposed
that the maximum principal stress (compressive) acted parallel to the cone's
axis, while the other two principal stresses were equal and represented a
minimum value, producing equal tension in all directions at right angles to the
axis. The apical angle, accordingly, is the angle of shear which depends on the
physical properties of the material...".
According to Dietz (1960), shatter cones represent a unique type of fracturing
occurring on the boundary between a plastic and an elastic shock wave (see Figure 8a).
Following compression by an expanding plastic shock wave, there is a large scale tensional
release occurring in an axially asymmetrical field (an elastic shock-wave). The cones form
at the intersection of this elastic shock wave and some asperity in the rock, i.e. a pebble or
a nodule, present at the apex. The asperity acts as a secondary source generating a weaker
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Fig. 7. Illu stra tio n of s h a tte r cone d e v e lo p e m e n t in
a fin e-g rain ed , hom ogeneous rock su c h as dolom ite.
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(b)
Fig. d. S h a tte r cone d e v e lo p e m e n t u n d e r shock conditions, (a)
This sim plified d ia g ra m show s th e principle stresses involved in
s h a tte r cone fo rm a tio n , (b) S how s th e effect of a a s p e rity ,
su ch as a pebble, on th e d ev e lo p e m e n t of a s h a tte r cone a n d
h o w reflectio n c a n occasionally cau se a n in v e rte d cone.
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shock wave. Interaction between the two waves causes rarefraction along a conical surface
and thus produces a shatter cone. The apex of the cone points in the direction of movement
of the plastic wave relative to the elastic wave (see Figure 8b). Since this is also the
direction to the source o f the shock, the distribution of the cones is usually symmetrical
with respect to ground zero with the apices directed toward the explosion focus. Reflection
of the elastic wave off subsurface contacts can produce a multitude of apical directions, and
sometimes results in a double or inverted cone similar to those Kiilsgaard et al. (1962)
found at Crooked Creek. This can make it difficult to determine the actual direction to the
source of the shock wave from just a few shatter cones. Statistically, however, the apices
will point in the direction of the explosion.
According to Dietz (1968), shock pressures between 3.5x10^ and 6x10^ Pa are
required for cones to form. The maximum pressure associated with volcanism (steam
explosions) is about 3x10^ Pa. Shatter cones have been found in the central portions of
most cryptoexplosion structures, but they never have been conclusively found in
association with volcanic activity. Even though shatter cones have been found to be
associated with known meteoritic impacts, as well as with many Class IV/a structures such
as Crooked Creek and Decaturville, many have not accepted the theory that shatter cones
are unique to meteorite impact-explosion structures. Shatter cones have been found to
occur in association with blasting in quarries and drill holes, in a variety of lithologies. In
general, shatter cones are good indicators of an explosive shock wave, but are not an
absolute criteria for recognition o f an impact structure; other supporting evidence is
required.

B. High Pressure Polymorphs
No high temperature or pressure polymorphs have been found at Crooked Creek but,
as o f yet, no extensive field study on this subject has been conducted.

Because

polymorphs are good indicators of shock pressures, they will be briefly mentioned here.
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At high shock pressures, the mineral grains within a material, specifically quartz, may
undergo a complete change of phase and transform into a glass like state without any loss
of the original shape of the grain (see Figure 9). This type of alteration of a mineral is
called a polymorph. In quartz, the two primary polymorphs are coesite and stishovite.
These are the most dense of the silica polymorphs and are considered good indicators for
the recognition of impact structures.
In known craters, the most commonly found quartz polymorph is coesite. Its
formation requires pressures exceeding 2x10^ Pa which corresponds to a depth of about 75
km within the earth. Though quartz polymorphs are regarded as direct evidence of
extraterrestrial impact, they also have been found to occur in zones of intense tectonic
cataclasis, as well as in association with diatremes and kimberlite dikes. Coesite has also
been produced experimentally from atomic blasts in sands at the Nevada Test Site.

Temperature °C
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Fig. 9. Phase diagram showing the pressure and temp
erature relationships for the polymorphs of SiQ2 •
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V. PREVIOUS WORK AT CROOKED CREEK
The unusual geologic nature of the structure at Crooked Creek was first reported in
1910 by a reconnaissance group working for the Missouri Geological Survey. Because the
formations outcrop-ping in the area were the same as those occurring to the southeast in the
disseminated lead district, the area was thought to be of economic interest. In 1912, Victor
Hughes did a study of the area for his bachelor's thesis as Engineer of Mines at the
Missouri School of Mines (Hughes, 1912). His interest was primarily in general geology
and the location of economic mineral deposits. In 1926, the first major geologic map of the
area was completed for the Saint Joseph Lead Company by the consulting firm of Bridge
and Company. Though some deposits of lead were found, they determined the area was of
no apparent economic interest.
The first geophysical survey was conducted over the area in 1932 as part of a state
wide vertical magnetic survey. Stations were located at 1.6 km intervals along all possible
roads. The results seemed to indicate that the northeastern quadrant of the area was a
magnetic low with respect to the surrounding material. This magnetic low is in an area
known as the Cuba graben and is located in the general region between the North-South
trending Cuba and Leasburg faults.
A major geologic study of the area was undertaken by H. E. Hendriks between the
years 1942 and 1950. His preliminary work provided data for his doctoral dissertation at
the State University of Iowa (Hendriks, 1949). His final report was published in the
Missouri Geological Survey and Water Resources publication, "The Geology of the
Steelville Quadrangle", 1954, and included a detailed analysis of the geology in the entire
Steelville Quadrangle. In this publication, Hendriks presented a detailed analysis of the
complex geology of the Crooked Creek structure. His work has been widely referenced for
the general geology of the structure. His analysis provides the basis for the geologic
discussion in this paper.
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In the summer of 1953, James H. Fox conducted a magnetic and gravity survey over
the area as part of his dissertation. His goals were very similar to those presented in this
paper, i.e., to determine a possible origin for the disturbance. According to Fox (1954, p.
4):
"If the forces were determined to be extraterrestrial the problem would be
solved since the only extraterrestrial forces with which we are familiar and
which are capable of producing such a large geologic disturbance are those
resulting from meteoritic impact.

If the forces were determ ined to be

intraterrestrial the problem would be far from being uniquely solved since we
are fam iliar with many subterranean phenomenon which ...could cause large
circular disturbances of portions of the earth's crust."
Fox used Ruska vertical and horizontal magnetometers and an Atlas Model F gravimeter to
collect 508 magnetic stations and 251 gravity stations. His data indicated a magnetic low
over the Crooked Creek Structure as well as a possible extension o f the Cuba fault to an
intersection with the Palmer fault near the center of the structure.
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VI. GEOLOGY OF CROOKED CREEK
A. Geomorphology
The area is drained by the Meramac River and its tributaries, the Crooked Creek and
the Yankee Branch. These tributaries have large, well developed, flood plains indicating
the area is in a mature stage of development. The stream patterns are, in general, dendritic.
The structure affects the stream pattern of Crooked Creek only locally, causing a sharp
bend to the north, and then to the west, in the normal stream pattern. Crooked Creek gets
its name from this deflection and the structure gets it's name from Crooked Creek.

B. Stratigraphy
The complex structure of Crooked Creek is underlain by Ordovician and Cambrian
rocks with regional dip of a few degrees to the northwest. Formations exposed on the
surface range from the Bonneterre (Cambrian) to the Jefferson City (Lower Ordovician),
with a small amount of lacustrine Pennsylvanian sediments within the structure. Over 300
m of strata were involved in the Crooked Creek structure (see Figure 10). The Bonneterre
is underlain by Lamotte sandstone, with pre-Cambrian granite basement at a depth of about
540 m beneath the present surface.
The oldest formation exposed in the area is the Bonneterre, a massive, gray-brown,
coarsely-crystalline dolomite. On the surface, it appears chocolate-brown. Within the
study area, the unit is deeply weathered and exhibits a sandy texture.

According

to

Hendriks (1954), outcrops of the Bonneterre are limited to the axial portion of the ring
anticline, which circles the central part of the Crooked Creek structure. Outcrops of the
Bonneterre limited and occur mainly in streambeds, exposing the upper 10 to 15 m of the
formation. Outside the structure, drill holes indicate an average thickness of the Bonneterre
of 88 m. Wells inside the structure indicate an average thickness of 124 m (Hendriks,
1954). Hendriks (1954), this difference in thickness could be caused by the duplication of
beds due to faulting, by dips of 30 to 50 degrees within the structure, and by a thickening
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of the sedimentary sequence due to brecciation within the structure.
The Davis Formation consists of thin beds of dolomitic limestone, green and brown
shales, fine-grained calcareous sandstone, and edgewise limestone pebble conglomerates
(Hendriks, 1954). The formation forms a roughly circular outcrop around the top and
flanks of the ring anticline that encircles the central part of the Crooked Creek structure.
Though the outcrop is located on a structural high, it appears as a depression. This occurs
because the Davis is less resistant than the other formations present. There is also a section
of the Davis extending North-South through the center of the structure as near vertical beds
along a faulted horst block (Plate I). From well logs outside the structure, the average
thickness of the Davis is 67 m (Hendriks, 1954).
The Derby-Doerun Formation is divided into three members. The lower 7 to 10 m is
composed of thickly bedded, massive, finely arenaceous, dense, buff-tinted gray dolomite.
The middle 10 m of the formation is made up of thin-bedded, argillaceous, pink-tinted
dolomite which outcrops as near vertical beds in the small tributaries of Crooked Creek
near the center of the structure. The upper Derby-Doerun is dense, hard, gray, finely
crystalline massive dolomite. This member outcrops on the inner flanks of the ring anticline
and exhibits extensive brecciation and crushing. (Hendriks, 1954).
The Potosi Formation is a brownish, very drusy, nonfossiliferous dolomite. It
outcrops at two locations in the Crooked Creek structure. Steeply dipping Potosi can be
found in the central basin where it is separated by a narrow uplifted horst block of Davis
shale, and along the north and west outer flank of the ring anticline (Hendriks, 1954). The
average thickness of the Potosi is 100 m.
The Eminence Formation is a massive, coarsely crystalline, bright-gray, very cherty
dolomite. It outcrops along the Meramac River and along Crooked Creek. It also outcrops
as steeply dipping beds at various locations along the outer flanks of the ring anticline and
is about 60 m thick (Hendriks, 1954).
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The Gasconade Formation is made up of thick beds of medium crystalline, light-gray,
cherty dolomite interspersed with thin beds o f sandstone. It is extensively exposed
throughout the region and underlies all but the highest ridge tops. W ithin the Crooked
Creek structure, it is only found on the outermost flanks o f the ring anticline (Hendriks,
1954).
In the Crooked Creek region, the Roubidoux Formation is m ade up of well-bedded
reddish sandstone containing angular to rounded fragments of chert (Hendriks, 1954). This
formation mainly outcrops in the syncline which circles the central portion of the Crooked
Creek structure. In the northwestern quadrant, it outcrops in undisturbed beds on the
upper ridges.
Only a small amount of the Jefferson City Formation is present in the area. Here, it is
composed of light-gray to buff, earthy, argillaceous, thin to massive-bedded dolomite. The
largest outcrop occurs as a crescent shaped area, bordering on a fault, in the southern part
of the outer encircling syncline. There is also a small circular outcrop which occurs on the
northeastern part of the syncline (Hendriks, 1954).
Scattered abundantly over the structure are residual boulders o f massive, highly
porous, Pennsylvanian sandstone. Hendriks (1954) places the younger age lim it of the
structure at Penn-sylvanian (pre-Cherokee) tim e due to the presence of these residual
boulders. These are the remnants o f lacustrine filled sink deposits indicating a basin or
crater-like original structure. At one location (see Plate I) the outcrop is in place. Here,
according to Hendriks (1954), the Pennsylvanian sand-stone lies horizontally with an
angular unconform ity upon the dipping Eminence dolomite and is unaffected by the
disturbance.
All the form ations in the uplifted central core older than the Pennsylvanian are
shattered, faulted and intensely brecciated. Beneath the zone of focus, the basement appears
to be depressed and thickening of the stratigraphic sequence is evident. Outside of the
structure, the formations are essentially flat lying and undisturbed.
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C. Structure
Crooked C reek is an ovate, highly disturbed geologic structure w ith a d iam eter of
approxim ately 5.3 km (Plate I). As described by H endriks (1954), the outer boundary o f
the disturbed area is a polygonal series o f peripheral norm al faults encircling a synclinal
graben o f R oubidoux and Jefferso n City fo rm atio n s. W ithin the graben area is a
peripherally faulted, uplifted central core containing older dolom ites and shales. T he oldest
rocks exposed in this central area are from the upper B onneterre Form ation, a vertical
displacem ent o f over 300 m. The central core, inside the graben, is a partly collapsed dome
of younger sedim entary rocks surrounded by an anticline o f older rocks (prim arily Davis
shale). A north-south trending 'dog-leg' horst block crosses the collapsed part o f the core
and radial faults extend out from it.
The uplifted central area of the structure resem bles a collapsed dom e. The depressed
cen ter of the structure form s a shallow basin about 1.3 km in diam eter. The basin is
form ed by beds dipping inw ard from the rin g anticline.

T he c rest o f this anticline

delineates the basin. On the outside o f the ring, the beds dip radially outw ard to peripheral
faults which surround the dom e-like structure. H endriks (1954) thought the C rooked Creek
structure w as unique am ong know n cryptovolcanic structures because both the in n er and
outer margins o f the ring syncline are normal faults which form an encircling graben.
Most o f the faults are of small displacem ent but are m arked by alignm ent of brecciated
zones or by the position o f contorted rocks of different lithologies. In the 'dog-leg' horst
block crossing the center o f the structure, the D avis shale is uplifted 50 m from its norm al
position and is surrounded by a younger, depressed Potosi Form ation. The beds o f the
Davis are nearly vertical and strike parallel to the faults bounding this horst.
In the 1920's, several prospect holes were drilled in and around Crooked C reek for
the Federal Lead Com pany. M ost o f these were drilled in Section 17 near the center o f the
structure around the o u tcro p s of the B onneterre Form ation.

W h ere the B onneterre

outcrops, the Lam otte Sandstone is only 79 m from the surface. W ell log analysis in the
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ring anticline reveals intense brecciation and severe deform ation occurring fairly deep
w ithin the structure. M any of the beds in the structure's center have dips over 45° in
varying directions. This indicates that the geologic structure is not as idealized as shown
by Hendriks (1954), and that accurate structural m apping would be a very difficult task.
Though deform ation and brecciation occurs well into the Lam otte, no fragm ents o f the
basem ent have ever been found in any of the breccias. This lack o f basem ent fragm ents
suggests that the structure did not penetrate the underlying Pre-Cam brian granite.
1. Regional Faulting.-The Crooked Creek structure is apparently the western term inus of
the Palm er Fault zone. This fault zone enters M issouri from Illinois, where it is known as
the St. M ary's fault zone. It splits into two m ajor sections, one branching to the northwest
and the other to the southwest. The southwestern segm ent is irregular but can be follow ed
w estw ard to its know n term ination at Crooked Creek, entering from the northeast ju st
south o f the center o f the structure. The total m apped length of this fault in M issouri is
about 160 km and the length o f the southw estern segm ent is 48 km . The fault is not
affected by topography and is a norm al, high angle, gravity type; horizontal m ovem ent, if
any, is not apparent. The north side o f the fault is dow nthrow n Roubidoux sandstone and
the south side is upthrown basal Gasconade.
The north-south trending Cuba fault has been traced, on the surface, to a point just
w est o f Cuba, M issouri, w hich is about 16 km due north of the the Crooked C reek
structure. Hendriks (1954), K iilsgaard et al. (1962), and Fox (1954) attem pted to trace an
extension of this fault which would put its southern term inus near the center o f Crooked
Creek structure at an intersection with the Palm er fault. H endriks conducted detailed
geologic surveys o f the northern half o f the Steelville quadrangle as w ell as the southern
half of the Cuba quadrangle and could find no evidence for an extension o f the Cuba fault.
Fox's gravity and m agnetic studies indicated the Cuba fault extended to the south as a
basem ent fault. If the Cuba fault extends as far south as Crooked Creek, it is m ore deeply
buried, and much older, than the Palm er fault which is apparent on the present surface.
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Approxim ately 30 km to the east of the Cuba fault is the L easburg fault w hich does
intersect, and offset the Palm er fault. The dow nthrow n block betw een the C uba and
Leasburg faults is known as the Cuba graben and the regional m agnetic map o f M issouri
(U.S.G.S., 1943) shows this area to have a broad, low, L-shaped m agnetic signature.
2. Shatter cones.- H endriks (1954) reports that doubly lam inated and diversely oriented
shatter cones are abundant in the Potosi Dolom ite throughout the brecciated central part of
the Crooked Creek structure. The shatter cones are generally radially striated w ith blunt
ends and large apical angles. As described by Hendriks (1954, p. 54):
"The shatter cones of the Crooked Creek structure range from about one inch
in height and basal diameter to nearly three inches in height and diameter. The
apices are oriented upward and the axes of the cones generally plunge in a
south to southeasterly direction and form angles of approxim ately 70 degrees
with the recognizable bedding."
B ecause of the parallel orientation o f the apices o f these cones, Hendriks concluded that the
deform ing stress was unidirectional and was applied from above the beds rath er than
below. Kiilsgaard et al. (1962) found many cones of varying directions with respect to the
inclination from the horizontal and the bedding plane. Along stream beds, he found many
o f the cones to point dow nw ards and com m only within the same sam ple, 2 or m ore cones
were found to point in different directions. In one sample, K iilsgaard et al. (1962) reports
that 2 cones w ere found base to base with the apices pointing in opposite directions
indicating that som e shatter cones form ed by reflection under conditions sim ilar to those
described earlier.
3. B recciation.- In the C rooked C reek area, there are two m ain types o f breccias, shatter
breccias and intrusive breccias. Shatter breccias are the m ost com m on in the structure and
are found in m ost o f the central region. Some o f these shatter breccias consist o f rocks of
the sam e lithology that are fractured in diverse directions without rotation of the fragments.
Others show rotation of the fragm ents to the extent that the original bedding is obliterated.
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K iilsgaard et al. (1962), found these shattered frag-m ents im bedded in a lithified m atrix of
shattered rock and m icrobreccia o f uniform lithology. T his form ation is know n as a
m onom ict breccia, because o f the random orientation o f the shattered fragm ents.
Intrusive breccias are pipe-like m asses of angular to slightly rounded sedim entary
fragm ents, im bedded in a pulverized groundm ass, and injected, or intruded, into overlying
rocks. M ost o f the intrusive breccias at Crooked Creek are one to tw o m eter thick tabular
bodies o f coarsely crystalline, light to pinkish-gray, angular dolom ite fragm ents intruded
into the Potosi dolom ite w hich are located on the inside portion o f the ring anticline.
K iilsgaard et al. (1962) says that the fragm ents in the breccia are dolom ite from the Davis
and B onneterre Form ations although some breccias do contain sandstone fragm ents. No
fragm ents from the basem ent (240 m below the B onneterre) have been found in these
breccias. Kiilsgaard et al. (1962) found identical breccias at other explosive-like structures
along the Illinois-M issouri-K ansas axis, some of which are diatrem es.

D. Mineralization
Only m inor am ounts o f m inerals have been found in the vicinity o f Crooked Creek.
H ughes (1912) reported that a considerable quantity o f lead was produced from the area
around the large exposure o f the B onneterre at the north end of the horst block. D iggings
in this area indicate that a sm all m ining operation was present here in the early 1900's. He
also indicated that com m ercial flint fire-clay deposits occurred in the area. H ughes (1912)
also reported lim ited deposits o f hem atite and lim onite in the region ju st south o f the
C rooked C reek region , but no deposit was found to be com m ercially viable. The only
mining in the area was carried out by locals using the m aterial for there own purposes.

E. Age o f the Structure
It is thought that the Ozark area was initially uplifted som etim e in the Perm ian or late
Pennsylvanian tim e. No rocks o f Perm ian age have ever been found in this region o f
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M issouri but Pennsylvanian rocks are preserved across the central p art o f the C rooked
C reek structure as lacustrine deposits and show no signs of deform ation. T h is sets a
younger lim it on the age o f the structure. The oldest m aterial show ing deform ation is the
Jefferson C ity Form ation, placing th e older lim it o f the structure as late O rdovician. The
occurrence probably took place som etim e during the deposition o f M ississippian lim estones
and w as later filled by Pennsylvanian sediments.
One estim ate on the erosional low ering in this area since the form ation of the structure
is betw een 50 and 70 m (Spreng, 1987). This w ould be ju st enough to rem ove the crater
w alls, most o f the central uplift, and probably any altered m aterial in the crater floor. If the
estim ated erosion is reasonably accurate, then m uch o f the structure is preserved and m ust
have occurred as a surface, or near surface effect.

F. Possible O rigins o f the Structure
As stated earlier, tw o p rincipal hypotheses have been p ro p o sed for the origin o f
C rooked C reek.

T oday, m ost a u th o rs favor the exogenetic o rig in o f the stru ctu re,

how ever, in the past, m o st o f the au th o rs favored either a subterranean explosion o f gas
associated with volcanism or some kind o f fault related stress pattern as the most probable
explanation for the Crooked Creek structure.
One o f the goals o f the early authors, e.g. Fox (1954), K iilsgaard et al. (1962),
A m stutz (1964), S nyder (1963), an d Snyder and G erdem ann (1965), was to fin d som e
correlation betw een the eight structures occurring in a line along th e 38th parallel from
Illinois to K ansas (see Figure 11). Snyder (1970), extended this zone from V irginia to
central Kansas and included eight m ineralized areas, ten igneous intrusions, and the eight
aforem entioned explosion structures. For many authors, this linear alignm ent suggests that
the entire chain o f unusual structures is endogenetic and controlled by some deep-seated
m aster fracture in the basem ent.
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40
O f the eig h t structures from Illinois to K an sas, only C rooked C reek, D ecaturville,
and W eab leau lack evidence o f volcanism . T he H icks dom e is know n to have occurred as
a v io len t e x p lo sio n o f v o lc a n ic gasses at an ap p ro x im ate d ep th o f 1 km . T h e A von
diatrem es w hich are scattered over a fairly w ide area are obviously o f volcanic origin. Both
Furnace C reek and H azel G reen C reek c o n ta in associated v o lcan ic m aterial. T h e R ose
dom e area h as also been show n to be o f v o lcan ic origin. T he W eableau area is a sm all
region broken by intense thrust and norm al faults containing unusual brecciation. T he ages
of features along this lineam ent range from C am brian to C retaceous.
Five o f the structures (3 thru 7 on Figure 11) are located along the n orthern flank o f
the O zark u p lift and m ost o f these are w ithin 2 0 km o f the axis o f the uplift. F o u r o f the
structures (5 thru 8) are situated along the inferred east-w est R ough C reek-S haw neetow nP alm er fau lt zone w hich m ay suggest som e k in d of tectonic control. From this, one could
infer a b asem ent fracture that extends into K ansas with all the cryptoexplosion structures
located on th is fault line o r it's inferred extension. If a basem ent fracture is eviden t, it m ay
have supplied a channel fo r the chain of cryptoexplosion structures. A ccording to Offield
and Pohn (1 9 7 9 ), who did an in depth study o n the D ecaturville structure, the only two
co m p o n en ts o f this lin ear c h ain that exhibit unique shock defo rm atio n , such as shatter
cones, are the C rooked C reek and the D ecaturville structures. W hen co m p ared with the
o th er stru c tu re s along th is ch ain , O ffield and Pohn (1 9 7 9 , p. 38) c o n te n d e d that
"...C rooked C reek and D e ca tu rv ille have rin g depressions and a m uch m ore com plex
deform ation involving in w ard m ovem ent and com pressional tectonics." O ffield and Pohn
(1979, p. 38) totally d isa g re e d w ith a v o lcan ic origin for both C rooked C reek and
Decaturville. A ccording to him:
'T h e argum ent for endogenetic origin of the D ecaturville structure (and its near
twin C ro o k ed C re ek )...d ea ls strictly w ith a series o f g eo lo g ic asso ciatio n s.
E xistence o f a discrete structural line along the 38th parallel is m ade doubtful by
the fact that the features...(that) define it are of five o r possibly six significantly
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different types, ages, and origins."
He contended that the 38th parallel is a zone o f many different features and linear
alignments can be found in almost any direction
Fox (1954, p. 190) supported the cryptovolcanic theory for the origin. A ccording to
him, "...to accept the m eteoritic theory is to ignore the presence o f the tectonic features of
the Ozark region; faults, dikes, and explosive volcanism...". He attem pted, in his analysis
of the area, to determ ine if local faulting had a direct influence on the Crooked Creek
structure. His magnetic and gravity surveys o f the area indicate a possible extension of the
Cuba fault to an intersection with the Palm er fault near the center o f the structure. Fox
(1954, p. 194) suggests that:
"...the structures location at the intersection of two of the m ajor fault zones of
M issouri answers the question of 'why' the structure occurs where it does..."
His conclusion was that the Crooked Creek structure:
"...can be explained by postulating an explosive release o f m agm atic gases
w hich initially derived from a deep seated source...the upw ardly directed
deform ing force was inclined towards the south or southwest. The angle o f this
inclination was probably influenced by the plane o f the west Palm er fault."
K iilsgaard et al. (1962) supported Fox's assum ptions and suggested that the
extension o f the Cuba fault was m erely w ell hidden north o f Crooked C reek due to the
thick soil layer and the dense foliage covering the area.

His prim ary argum ents for

cryptovolcanism were the diverse orientation of the shatter cones and the structure of the
central core. He contended that:
"...the continuity o f the narrow 'dog-leg' horst extending intact through the
collapsed central part o f the shattered and brecciated core area o f the Crooked
Creek disturbance m ost certainly would have been completely destroyed had the
disturbance formed by a meteorite impact." (Kiilsgaard, 1962, p. 18).
He thought the horst could be best explained:
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"...as having form ed first as radial tension fractures w hich developed during
upw elling o f the w hole structure. W ith the escape o f pent up gases or m aterial,
chiefly through th e central area o f the dom e, the cen ter subsided into the
resulting (structure). Often an unbroken arch of ro ck is preserved betw een
essentially parallel sets o f radial fractures...such is the case o f the horst in the
C rooked Creek disturbance" (K iilsgaard, 1962, p. 18).
He w ent on to point out the sim ilarities betw een the disturbance and calderas o r fracture
dom es of undisputed volcanic origin. From h is studies in the area, K iilsgaard (1962, p.
19) concluded that the:
"...location o f the C rooked C reek disturbance at the intersection o f regional
faults, (the) presence o f intrusive breccias associated w ith know n diatrem es,
(the) presence o f po st breccia sulfide m in eralization, and sim ilarity o f its
structure to that o f other diatrem e-like disturbances all suggest that the Crooked
Creek disturbance originated from a subterranean gaseous explosion."
B ucher (1963) also believed the structure to be of volcanic origin and thought that
structures such as these w ere part o f a natural series o f disturbances m arking the beginning,
or attem pted beginning, o f volcanism in the region. B ucher (1963) classified features such
as these as being produced in one o f two ways:
1) they are produced by the explosive release o f gases under high pressure without
extrusion o f m agmatic material which can either be:
a) deep seated, weak, and unconcentrated, resulting in a generally circular dome
and ring structure, or
b) fairly shallow , blowing out a circular basin w hich is then filled with a jum ble
o f disordered blocks surrounded by a zone of m aterial that has been blown out.
2) produced sim ilar to 1) but w ith m agm atic m aterial found w ithin the overlying
rocks. T his would be apparent only in areas where there was no previous volcanic
activity.
According to Hendriks (1954), both the endogenetic and the exogenetic theory would
explain the following features at Crooked Creek:
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1) the nearly circular shape of the feature;
2) the central uplift and peripheral faults;
3) the collapse o f the center o f the uplift; (which in turn caused the horst);
4) the encircling folding that resem bles a series o f dam ped waves;
5) the brecciation and shattering o f the Potosi and Derby-Doerun in the central uplift;
6) and the rude radial faulting occurring near the center.
But Hendriks (1954) show ed that the cryptovolcanic origin could not explain:
1) the occurrence and upward orientation o f shatter-cones.
2) the m axim um and m inim um depressions of the ring syncline.
3) the irregular faulting of the southern border o f the central uplift.
4) the complete absence o f any volcanic material or hydrotherm al leaching.
T he abundant sh atter cones, the intense brecciation, and the locally disordered
structure o f the central uplift are the m ost im portant criteria for the m eteoritic theory o f
origin. H endriks (1954, p. 69) proposed that:
’’..the absence of pre-Cam brian material in the breccias, the lack o f any evidence
o f hydrotherm al leaching, and the absence of shatter-cones in know n volcanic
explosion structures favor the m eteoritic hypothesis over the subterranean
explosion hypothesis."
Drilling inform ation from Crooked Creek indicates that the disturbance did not affect
the basem ent rocks.

T he disturbance thus had to be confined w ithin a sequence o f

sedim entary rocks that w as no m ore than 600 m thick (Offield and Pohn, 1979). Evidence
at Crooked Creek suggests that the explosive event occurred above the present expression
o f the structure. Given the small am ount o f estim ated erosion since the form ation o f the
stru ctu re, shock p re ssu re s high en o u g h to produce shatter co n es had to o ccu r
instantaneously within 50 m o f the surface. The endogenetic source seem s highly unlikely
because the confining pressure at that depth is small. Any explosive release o f gas would
have had to occur much deeper and probably would have disturbed the basement.
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VII. T H E G RA V ITY AND M A G N ETIC SU RVEYS
G ravity and the m agnetic surveys o f the C rooked C reek structure w ere conducted
betw een M arch 1985 and M arch 1986. G ravity stations w ere distributed over 200 km ^ in
order to obtain accurate regional coverage. T h e M agnetic stations w ere distributed over
144 k m ^ fo r the sam e reason. The actual area involved in the final study is 100 km ^ with
the C rooked C reek structure located in the center of the area surveyed. The equipm ent used
in th e survey w ere tw o M asters m odel W orden gravim eters and a G eom etries proton
precession m agnetom eter. A Paulin altim eter and a B runton com pass were also used for
positioning during the field surveys.

A. M easurem ents and D ata Reduction
1. M agnetic S urvey.- T he m agnetic survey w as conducted on foot w ith stations taken at
fairly regular intervals (usually 300 m) along all m ajor roads and trails. W here necessary,
cross-country traverses w ere made. The sensing head was carried on a 3.5 m staff in order
to rem ove local disturbances caused by m agnetic surficial m aterial. Figure 12 show s the
distribution o f the m agnetic stations within the area o f interest. T hese stations w ere located
as carefully as possible on a 1:24,000 base map with an accuracy o f approxim ately ±12 m.
T hree m agnetic readings w ere taken in succession at each location, w ithout any m ovem ent
of th e instrum ent, and the repeatability o f the d ata was noted. If successive readings were
w ithin ±1 nT the readings w ere considered valid. To further check the validity o f the data,
several stations were reoccupied throughout the survey period and m ost w ere found to
correlate to w ithin ±3 nT . D uring the data reduction, m any of the m agnetic readings were
found to be highly erroneous. T hese disparities in the data were due to high tension pow er
lines which cut diagonally through the center o f the structure, a high pressure gas pipeline
located in the northw est co m er of the survey area, and the granite ballast along several old
railroad beds located throughout the region. D ata associated w ith these features were
rem oved before making the final m agnetic map.
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Fig. 12. Distribution of the 311 stations occupied within
the Area o f Interest during the magnetic survey. There are
39 stations located outside this region. © Indicates the
location o f the base station.
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On the first day o f the m agnetic survey, a prim ary base station was chosen on
H ighw ay V V , near the center o f the structure (N 37°49'42" W 9 1 °2 6 '1 3 Mo r Easting
6409 38, N orthing 4188722), because o f its easy access. As subsequent readings were
taken at the base station over the next year, their m easurements were norm alized to the first
base station reading o f 54909 nT. Each survey was also corrected for diurnal variations
relative to that specific day. Every two to three hours during the course o f a day the base
station was reoccupied. At the end of the day, this inform ation w as plotted and the data
was drift corrected accordingly. Drift corrections probably lead to the m ajor source of error
in th e m agnetic data. B ecause substantial variations in the earth’s m agnetic field can occur
w ithin a short period o f tim e, the assum ption that the diurnal variation is linear o r even a
sim ple polynom ial curve is erroneous. To correct for this problem , one w ould need to
em ploy a continuous recording m agnetom eter. For this survey, the problem w as partially
alleviated by m onitoring the daily m agnetic field activity reports from NOAA, Fort Collins,
Colorado, and avoiding m agnetically noisy days.
2. G ravity Survey.- The gravity survey was conducted by vehicle along all the m ajor roads
with a few cross country traverses. Since high gradients are usually not a problem with
gravity studies, a station spacing o f about one kilom eter w as used to determ ine the regional
field and a closer spacing o f about 500 m w as used in the central part of the structure.
Figure 13 show s the distrib u tio n of the gravity stations w ithin the area o f interest.
Elevations and station locations used in the data reduction were determ ined from a 7.5'
topographic quadrangle map and a Paulin barometric altimeter.
The prim ary base station w as located at a U .S.G .S benchm ark, Prim e Traverse
Station 108, east of S teelville, M issouri at N 37059'38" E 91°15T 8" (E asting 653211,
N orthing 4205533). T his was tied to a secondary base station (N 37°45'42.7" and E
91°26'13.4", or Easting 637542, N orthing 4187752) located on the southern abutm ent o f
an o ld railroad bridge north o f Cook Station and west o f the center o f the C rooked Creek
structure at U.S.C.G .S. (now N.G .S) BM 49, 1934.

47

4,194000
4,184000

Fig. 13. D istribution of the 120 stations occupied within
the Area o f Interest during the gravity survey. There are
24 stations located outside this region. O Indicates the
location o f the secondary base station.
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Drift in the gravim eter was prim arily due to thermal changes and inelastic creep within
the instrum ent. T his w as corrected by periodically reoccupying the secondary base station
and noting the change. T he gravim eter readings, station locations, elevations, tim e and

3

base station reoccupations w ere reduced using a Bouguer density o f 2670 kg/m .
R eoccupations o f selected gravity stations during the course o f the surveys w ere used
to estim ate the error for the calculated B ouguer gravity. U pon reduction, it was found that
m ost of the reoccupations w ere accurate to w ithin ±0.5 m G al. A nom alies in the data that
are w ithin this range can be attributed to noise. The m ajor source o f error in the gravity
survey w as d u e to the estim atio n o f station elevations from the Paulin a ltim e te r in
conjunction w ith the 7 .5 ' quadrangle m ap. E levation errors are g reater w here the Paulin
was not used.

B. R esults and D iscussion
1. C om parison o f G ravity and M agnetic Fields with the G eologv.-The relationship between
the m agnetic field, the gravity, and general geology o f the structure is presented in Figures
14 and 15. T hese profiles and cross-sections are included in an attem pt to show the general
relationship betw een the structure and the gravity and m agnetic fields. The geologic crosssections are adaptations from H endriks (1954) and are highly generalized. A n accurate
cro ss-sectio n w ould b e n ear im possible to d eterm ine b ecause the structure is far too
complicated.
Figure 14 shows the cross-section and profiles along A-A'. B oth the gravity and the
m agnetic field indicate a general low over the structure. T his low is very prom inent in the
m agnetic field and only w eakly apparent in the Bouguer gravity. T his is sim ilarly shown in
Figure 15, the cross-section and profiles along B-B'. The sedim entary rocks are relatively
non-m agnetic, so the m agnetic data represents only deep seated structural features related to
the igneous basem ent. T he B ouguer gravity is related to changes in density occurring
w ithin the faulted and brecciated rocks associated with the structure.
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Figure 16 shows the total magnetic field intensity over three sim ple igneous basement
m odels w hich m ight be expected from a structure such as C rooked Creek; a depressed
basem ent, an uplifted basem ent, or a sm all intrusive such as a dike or diatrem e. Figure 17
show s the B ouguer anom alies associated w ith three sim ilar basem ent m odels. All three
calculated gravity anom alies are less than 0.5 m G als, w hich w ould m ake them difficult to
determ ine within the noise present in the actual Bouguer anom aly over the Crooked Creek
structure. Any small igneous intrusion would not be apparent in the gravity data but would
show up in the m agnetic data as indicated in Figure 16.
2. T h e M agnetic D ata.-T he problem w ith quantitative analysis o f m agnetic data is the
accurate determ ination o f the m agnetic susceptibility. W ithout direct m easurem ents from
core samples, one must rely on average values. A list of typical m agnetic susceptibilities is
given in T able 3. T ypically, the darker, m ore m afic igneous rocks will possess a higher
m agnetic susceptibility than the acid igneous rocks and sedim entary rocks generally have
the low est susceptibility.

TABLE 3
M A G N ETIC SUSCEPTIBILITIES OF LO C A L M A TERIAL

Rock Type__________________________________k {SJI
altered u ltrab asic ro c k s ...............................

0.1 to 10

g r a n i t e ................................................................

0.01 to 1

s h a le ....................................................................

0.001 to 0.01

m e ta m o rp h ic ro c k s ......................................

0.001 to 0.1

se d im e n ta ry

ro c k s ........................................

0.001 to 0.01

lim e sto n e and c h e rt.....................................

0.001

(m odified from Breiner, 1973).

meters
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h y p o th e tic a l b a s e m e n t m o d els for th e C rooked C reek a re a .
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A llingham (1966) m ade susceptibility tests on core sam ples from the pre-C am brian
basem ent ju st west of the Crooked Creek region. His average values for the susceptibilities
{k} range from 0.3 to 2.4 (SI). Because o f the large difference betw een the susceptibilities
for the igneous basem ent and the overlying sedim entary m aterial and because the
sedim entary cover is generally thin in this part o f M issouri, it can be assum ed that the
prim ary source o f local m agnetic anom alies is a function o f the topography o f the igneous
basem ent. For this reason, only tw o m aps o f the m agnetic field w ere m ade. Plate II
shows the total m agnetic field intensity over the C rooked Creek structure and Plate III
shows the regional m agnetic field.
W hen the m agnetic m ap (Plate II) is com pared with the geologic m ap (Plate I), it
indicates that the center o f the structure is a m agnetic low with respect to the surrounding
area.

For the purpose o f analysis, the detailed m agnetic map (see Plate II), w hich is

centered over the C rooked C reek structure, can be divided into four quadrants.

T he

northeastern quadrant has a low magnetic signature with very little relief. The northwestern
and southeastern quadrants show high m agnetic relief. The southw estern quadrant is
interm ediate in m agnitude with the exception o f a kidney shaped, m agnetic low extending
from the northw est to the southeast and an isolated m agnetic high located at the
northwestern end o f the low.
The northeastern quadrant covers the southwestern corner of an area known as the
Cuba graben. This area is thought to be a down-dropped block in the basement. The low
m agnetic relief found in this quadrant substantiates this. The sharp relief betw een the
northeastern quadrant and the southeastern quadrant suggests som e faulting. Since it is
know n that the Palm er fault enters this area near this location, the sharp change in the
magnetic field undoubtedly represents a portion of the Palmer fault zone. Figure 18 shows
the m agnetic profile along B-B'. The Palmer fault occurs near the location o f the outer ring
fault. The m agnetic field indicates that the Palmer fault extends to the central ring graben,
which it intersects norm ally, and then term inates. This is also indicated by the m agnetic
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Plate II: Total magnetic field intensity map o f the Crooked Creek structure.
Multiply contour values by 1 * 104 nT for field intensity. This map covers
an area o f 100 square kilometers centered on 37° 50’ 15" and 91° 24' 15".
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Fig. 16. T otal m a g n e tic fie ld in te n s ity alo n g p ro file B -B ‘ sh o w in g
th e lo catio n of th e rin g fa u lts a n d a g e n e ra l in te r p r e ta tio n .
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p ro file alo n g A -A ', show n in Figure 19. Surface m ap p in g o f the P alm er fault in d icates that
th e fau lt trace is d isp laced slightly to the south o f the m ag n etic ex p ressio n su g g estin g high
angle n o rm al faulting w ith the north side dow n-throw n.
T h e th ree iso la te d m a g n e tic h ig h s o r saddles in the so u th e a ste rn q u a d ra n t o f the
m ag n etic m ap (P late II) in d icates the b asem en t along th e P alm er fau lt is co m p lex and m ay
c o n sist o f fra c tu re d b lo c k s.

F ig u re 20 sh o w s a p ro file alo n g C -C ' w h ich c ro sse s the

la rg e st o f th ese h ig h s at a b o u t 9 4 0 0 m . T he m ag n itu d e o f th is m ag n e tic an o m aly is v ery
larg e an d a co rrelativ e, o ffse t an o m aly is e v id en t in the grav ity data. T h is anom aly , w hich
is lo ca te d o u tsid e o f the C ro o k e d C reek structure, at the eastern en d o f the fa u lt o ffsettin g
th e Jefferso n C ity F o rm atio n , in d ic a te s a co n trib u tio n from a source o th e r th an fau ltin g or
frac tu re d blocks. T h is featu re co u ld be the resu lt o f a sm all p o ck et o f m ag n e tite above the
ig n eo u s b asem en t or by an sm all in trusion o f igneous b asem en t m aterial into the o verlying
sed im en tary rocks.
T h e cen tral m agnetic low is p ro b ab ly in flu en ced by b o th the h ig h ly d e fo rm e d cen ter
o f the stru ctu re an d the P a lm e r fau lt but it is d ifficu lt to d eterm in e the c o n trib u tio n s from
each . T h e p o rtio n o f the m a g n e tic low d u e to the stru c tu re c o u ld b e the re s u lt o f the
d e c re a se in m ag n etic su sce p tib ility d u e to the sh atterin g o f the m ag n e tic b a se m e n t rocks
either by fault tension or b y the im pact o f a m eteorite.
In the northw estern quad ran t o f the m agnetic m ap (Plate II), the alm ost p arallel northsouth tren d in g c o n to u rs a lso in d icate som e k in d o f su b su rface fau ltin g . O n the reg io n al
m ag n e tic m ap (P late III), these p a ra lle l c o n to u rs ex ten d ab o u t 8 k m to the no rth o f the
C ro o k ed C reek area. P ro files o v e r the n o rth w estern q u ad ran t, sh o w n in both F ig u res 18
and 20, could indicate a southern extension o f the C uba fault w hich is believed to term inate
16 km to the north. T he C u b a fault is a basem ent fault and if extended into th is region, the
fa u lt w o u ld a c c o u n t fo r the w e ste rn b o u n d a ry o f the C u b a g ra b e n . F o r th is to be
established w ith certainty, m ore detailed geophysical studies w ould have to be con d u cted in
th e re g io n b e tw e e n the k n o w n te rm in a tio n o f the C uba fault an d th e C ro o k e d C reek
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m e ters

Fig. 19. T o ta l m a g n e tic fie ld in te n s ity alo n g A-A* s h o w in g th e
lo catio n of fa u lts a t t r i b u t e d to th e s t r u c t u r e a n d o n e p o ssib le
in te r p r e s ta tio n .
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Fig. 2 0. T o tal m a g n e tic H eld in te n s ity alo n g p ro file C-C‘ s h o w in g th e
lo c a tio n of s u r f a c e fa u ltin g a n d th e p o s s ib le i n t e r p r e ta ti o n of d e e p
s e a te d fa u ltin g .
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stru ctu re. T he m ag n etic ex p ressio n fo r the C u b a fault is m u ch b ro ad e r and has a m uch
sm a lle r am plitude than th e ex p ressio n o f the P alm er fault, in d icatin g a m uch sm a ller and
d e e p e r fault than the P alm er zone w hich is expressed on the surface.

B oth m agnetic m aps

(P lates II and III) indicate that the C uba fault extends to the south, past its intersection with
the P alm er fault near the C rooked C reek structure and beyond the kidney shaped low in the
southw estern quadrant.
A s show n on Plate II, tw o and on e h a lf km w est o f the center o f the structure, there is
an isolated, ellip tical m agnetic high w ith an abrupt slope to the south in to a kidney shaped
tro u g h . T his featu re is show n in p ro file D -D ' (see Figure 21) from 2 2 0 0 to 480 0 m. The
to tal m ag n etic re lie f a cro ss th is se ctio n is a b o u t 170 nT . T h is an o m a ly su g g e sts the
p resen ce o f a polarized d ip o le d ipping to the south w hich m ig h t indicate the intru sio n o f a
v e rtica l stringer o f w eathered, m ag n etite-rich ro ck , sim ilar to those fo u n d near B o urbon,
M issouri. T his anom aly is apparently not connected to the C rooked C reek structure.
3. T h e G ravity D ata.- T he principle uncertainty in the analysis o f gravity data is the density
c o n tra st betw een the co untry rock an d the anom alous feature. D ensity values for the three
types o f m aterials present at C rooked C reek are listed in T able 4. L im estone and dolom ite,
the m o st co m m o n for-m atio n s in the area, are also the densest. S andstone has th e low est
d e n sity and is fo u n d on ly near the su rface in th e extrem e n o rth eastern c o m e r and in the
central ring like graben o f the structure (see Plate I).
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Fig. 2 1. T o tal m a g n e tic fie ld in te n s ity a lo n g p ro file D-D'
sh o w in g o n e p o s sib le in te r p r e ta tio n of th e a n o m a ly .
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TABLE

4

ROCK DENSITIES IN TH E CROO K ED CREEK R EG IO N
R ock T ype________________________________D ensity (k g/m ^I
P a le o z o ic

L im e s to n e s ...........................................

27 0 5 -2 8 0 1

Pre C am brian G ran ite...........................................

2 6 5 5 -2 6 7 0

P a le o z o ic

2 6 0 0 -2 6 4 0

S a n d s to n e s............................................

(from F ox, 1954, p. 104).

T he B ouguer gravity anom aly map (see Plate IV ) sh ow s very little relie f over the
C rooked Creek structure. A gravity lo w is found in the northwest quadrant with a Bouguer
anom aly o f -5 2 m Gals. The rest o f the gravity map has relatively high B ou guer gravity
v a lu es with a m axim um o f -41 m G als in the sou thw est quadrant. T he regional trend is
from the southeast towards the northwest. In general, the contours on the B ouguer map
(Plate IV) are even ly spaced except in the area around the center o f the structure. In this
area, gravity anom alies appear to be associated with the p olygon al faulting around the
structure.
The regional Bouguer anomaly was approximated by applying a 3rd order polynom ial
fit to the data used to construct Plate IV. The results o f this are sh ow n in Plate V. This
calculated regional corresponds fairly w ell to the regional gravim etric map for southeast
M issouri show n in Plate VI. N one o f the gravity maps sh ow any trace o f o f the faulting
that is seen on the m agnetic map. T he trend toward a high in the southeast is due to the
p resen ce o f a large gravity high located over Indian Trail State Park (Plate V I), located
about 12 km to the south o f the Crooked Creek structure, as w ell as the effects o f shallower
pre-C am brian granites alon g the a x is o f the Ozark uplift located about 2 0 km to the
southeast o f the structure.
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Plate IV : Bouguer gravity map of the Crooked Creek structure. The map
covers an area o f 100 square kilometers centered on 37° 50' 15" and 91° 24’
15"
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Plate V: Regional gravity map o f the Crooked Creek structure. The map
covers an area o f 100 square kilometers centered on 37° 50' 15" and 91° 24'
15". Contours based on a 3rd order polynomial fit to the data.

Plate VI: Regional gravimetric map for southeast Missouri showing the area
involved in the detailed gravimetric survey of the Crooked Creek structure.
Contours represent lines of equal Bouguer anomaly from the U.S.C.G.S. gravity
station datum, Rolla, Missouri, 1943.
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T he residual gravity m ap was derived by the removal o f the regional gravity (Plate V)
from th e total Bouguer gravity (Plate IV). The resultant m ap, shown in Plate VII, reveals
several small anomalies w hich can be attributed to the structure. Slightly to the northwest
o f the cen ter o f the structure is a kidney shaped low o f about -1 mGal. W hen com pared
with th e geologic map (Plate I), this low corresponds to a portion of the inner ring fault and
to the area around the outcrop o f Bonneterre near the north end of the 'dog-leg' horst. The
low is probably the result o f large scale brecciation o f the lim estones and dolom ites or a
shattered basement. A sim ilar, though smaller, low is located just southeast o f the center of
the structure. In the northeastern quadrant, about 2.5 km north o f the structure's center,
there is circular low of ab o u t -1 mGal that corresponds to a northern segm ent of the outer
ring fault. T he origin of th is low is m ore difficult to explain because o f it's location outside
the zone o f prim ary deform ation on the outer flank of the structure. The low could be the
result o f brecciation along the fault o r it could be the resu lt of surface effects such as a
thickening o f the alluvium . A nother broad circular low is located in the com er of the
southeast quadrant (Plate V II), well outside of the structure's influence, but near an area of
known mineralization (Fox, 1954). The only gravity high is located at the east end of the
faulted Jefferson City Form ation within the outer syncline of the structure. The gravity
high directly correlates w ith a magnetic high and will be discussed in detail subsequently.
Norm ally profiles are taken across a residual m ap in order to facilitate modeling.
B ecause the survey is o n ly accurate to w ithin ±0.5 m G al, and the anom alies associated
with the structure are sm all, accurate m odeling o f the gravity data is very difficult. Figure
22 shows the Bouguer gravity profile, regional profile, and the calculated residual anomaly
along A-A' (Plates IV, V , and VII). A s on the residual m ap, the profile indicates an
anom aly o f about -1 m G al ju st inside the inner ring fau lt at about 4200 m. A similar
anomaly o f about -0.8 m G al occurs at about 6000 m and is also associated with the inner
ring fault. This pair of low s are probably due to the extensive brecciation found along the
inner m argins of the central ring fault. At 8000 m there is a large gravity low of about -1.5
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Plate VII: Residual gravity map o f the Crooked Creek
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(b). Residual gravity
Fig. 22. Bouguer g ravity along profile A-A\ (a) shows the
Bouguer gravity (from Plate IV) and the 3rd o rd er polynom ial
(from Plate V) used as the regional, (b) shows th e residual
Bouguer anom aly along A-A* afte r the rem oval of the regional
gravity from the total Bouguer.
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mGals. This low, as discussed earlier, occurs far from the internal deform ation o f the
structure near the junction o f Crooked Creek and Yankee Branch and straddles the outer
limit of the ring anticline. It is postulated that this anomaly is due to near surface effects,
possibly a thickening of lower density alluvial material near the junction of two river beds.
Figure 23 shows a similar profile along B-B' (Plates IV, V, and VII). The gravity
anomalies are found on or around the central ring fault but no anomaly exceeds -1 mGal.
The low extends from 2800 m to the center of the structure with a smaller low at about
6000 m. The interpretation of this profile is similar to that for profile A-A' and suggests
brecciation within the limestone and dolomites in the structure’s center.
Figure 24 shows the Bouguer anomaly, regional field, and residual field along profile
C -C . This profile is very similar to profile B-B' with the exception of a 1 mGal high
located at 8500 m. This gravity high correlates with a magnetic high along the same profile
and indicates the presence of some kind o f high density magnetic material extending
upward from the basement (see Figure 21).
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Fig. 2 4. Bouguer gravity along profile C-C\ (a) show s th e
total Bouguer field (Plate IV) and the 3rd order polynom ial
(Plate V) used as the regional, (b) shows the residual Bouguer
anom aly afte r rem oval of th e regional gravity
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VIII. CONCLUSION
Arguments for the endogenetic origin are based on the structure's association with a
chain o f linear features along the 38th parallel, its location at the intersection of two major
fault zones, and its close proximity to the axis o f the Ozark uplift. The existence of this
discrete structural line is doubtful because the zone involves many different types of
structures of different ages, types, and origins. Offield and Pohn (1979, p. 38) argues that
the 38th parallel is "...a zone o f many different features through which lines in any
direction desired could be drawn." The fact that some of the structures along this line are
o f endogenetic origin does not logically imply that all the structures are. He also contends
that the structural loci for the features are lacking or dependent on the projections o f faults
which may or may not be located near the feature. To imply that the structure is of volcanic
nature because of its location is not logically consistent. The location of random impact
craters on regional structures is well known, e.g. Meteor Crater, Arizona which is located
on local folding within close proximity of a major area of explosive volcanic vents.
The age o f the structure is estim ated as pre-Pennsylvanian to Pennsylvanian.
Estimates on the erosion occurring in this area since the structure was formed are between
50 and 70 m. Since the basement is presently only 500 m beneath the surface and the
deformation ends well above that, whatever caused the structure had to occur within
approximately 400 m of the original surface.
The small magnetic low over the center of the structure suggests that no basement
material was involved in the formation of the structure, a fact which is confirmed by cores
taken in the region. Any volcanism would have involved some kind of igneous or basement
material which would be reflected by a high in the magnetic field. The magnetic data also
suggests that the Crooked Creek structure is located at the intersection of two m ajor fault
zones, the Palmer and the Cuba faults. Contours in the northwestern quadrant (Plate II)
indicate a southern extension of the Cuba fault to an intersection with the Palmer fault at the
Crooked Creek structure (indicated by the magnetic profiles A-A' and B-B’, Plate II).
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Kiilsgaard et al. (1962) and Fox (1954) attributed the formation of the Crooked Creek
structure to some kind of explosive event occurring at the intersection of these faults.
Amstutz (1970) suggested that the structure was the result o f some kind of interference
pattern caused by the interaction of the faults, however the mechanics o f this process are
unknown and hence, improbable. The Palmer fault is thought to be the same age or
younger than Crooked Creek but the lack of surface expression of the Cuba fault, indicates
it is much older than the structure. If the assumption on the extension o f the Cuba fault is
correct, then the structure indeed occurs at the southwestern comer o f the Cuba graben.
This coincidence, however, does not prove anything about the origin of Crooked Creek.
Isolated, small negative gravity anomalies are found over the most intensely deformed
part of the structure, but only one of these lows exceed -1 mGal. These lows probably
reflect a decrease in density due to brecciation of the dolomite within the central part of the
structure. This data does not correlate with the magnetic data in showing either the Palmer
fault zone or the inferred extension of the Cuba fault. The general lack of anomalies in the
residual Bouguer gravity (Plate VII) indicate a fairly uniform density within the
surrounding material.
The few cores taken in the area indicate that brecciation within the central part of
Crooked Creek extends into the Lamotte Sandstone but doesn't penetrate the basement.
This suggests that the event causing the structure occurred well above the igneous
basement. The absence of significant igneous material is also supported by both the gravity
and magnetic data. This precludes the possibility of volcanism as the cause of the structure
but does not rule out a gaseous explosion.
Shatter cones and the intense deform ation occurring within the structure are
characteristic of shock deformation. As discussed earlier, the shatter cone orientation
points to the source of the shock. The statistical orientation of the shatter cones found at
Crooked Creek (Hendriks, 1954) is upward. This suggests the event occurred at, or just
below, the original surface. In the near surface, the confining pressure is too small to
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contain the necessary gasses for an explosion to occur. Since a gaseous explosion must be
relatively deep seated, the structure could not have been caused by a gaseous explosion.
If the structure was caused by an impact event, then the resulting crater had to be
fairly shallow. A large meteorite would have produced a large enough shock wave to
account for the deformation at Crooked Creek, but it also would have created a deep crater
which is not evident given the amount of erosion. A small meteorite would have created a
smaller crater and not as much deformation. Stony meteorites are less dense than metallic
ones and would account for a smaller impact crater. One possibility for the formation of the
structure is the impact a comet such as the Tunguska event which occurred in Siberia in
1908. No deformation was associated with the Tunguska event and the resultant crater was
very small. If the structure at Crooked Creek was formed by a comet, it had to be larger
and much more dense than that at Tunguska.
Because of the forces involved the type o f structure that can be expected from the
impact of a large meteorite or dense comet would be a central dome which may or may not
have a collapsed central block, surrounded by a ring anticline that is flanked by near
vertical, normal faults. The resultant structure would be roughly circular or polygonal in
map view. Depending on the time period involved, much o f the superficial crater would be
destroyed by erosion, leaving only remnants o f the underlying structure exposed at the
surface. All of these factors are apparent at Crooked Creek.
The only known mechanism that could produce a near surface explosion with a large
enough shock wave to create the deformation present at Crooked Creek is the impact of a
large extraterrestrial mass.
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